Abstract In this work, AlON-Al 2 O 3 coatings were prepared on Al2021 alloy by the electrolytic plasma processing (EPP) method. The experimental electrolytes include: 2 g/l NaOH as the electrolytic conductive agent, 10 g/l Na 2 AlO 2 as the alumina formative agent, and 0.5 g/l NaNO 2 , NaNO 3 , and NH 4 NO 3 as the nitride inducing agents. The effects of different nitrogen inducing agents were studied by a combined compositional and structural analyses of the ceramic coatings carried out by Xray diffractometry (XRD) and scanning electron microscopy (SEM) for the specimens EPP-treated at room temperature for 15 min under a hybrid voltage of 260 DC along with an AC 50 Hz power supply (200 V). Microhardness tests and wear tests were carried out to correlate the evolution of the microstructure and the resulting mechanical properties. Potentiodynamic polarizations and immersion corrosion tests were carried out in 3.5wt% NaCl water solutions under static conditions in order to evaluate the corrosion behavior of the coated samples. The results demonstrate that NaNO 2 is proven to be a good nitrogen inducing agent to produce high quality AlON-Al 2 O 3 ceramic coatings.
Introduction
AlON with spinel phase is a unique material with many excellent properties which make it useful in various applications. It has been reported that AlON can be produced by several techniques such as sintering, reaction sintering, hot-pressing, hot isostatic pressing (HIP), selfpropagating high-temperature synthesis (SHS) and plasma arc synthesis. [1] [2] [3] However, all the traditional techniques require special equipments to provide high temperature and high pressure, and carefully previous powder preparation, which are complicated and have high economic costs. The formation of the various polytypoids also makes the interpretation of those processings difficult. Nowadays, the industrial society has a fierce demand for a new technique, with simple serviceability and low economic costs to replace those old techniques. The combination of plasma arc synthesis and plasma electrolytic deposition is hopeful to overcome this problem, which can produce AlON under low voltage and low temperature.
It is also reported that AlON films can be prepared by various chemical vapor deposition.
4) However, thin film makes its extensive application range limited and complicated. Electrolytic plasma processing (EPP), also called plasma electrolysis deposition (PED), has attracted great interest and was studied widely for its high efficiency of fabricating ceramic coatings with exceptional properties on light metals (Al, Mg and Ti etc.). [5] [6] [7] Seldom reports mentioned about the EPP process to prepare AlON contained coatings. In this paper, the effect of nitrogen inducing agent on the characteristics of the coatings produced by EPP treatment was studied.
Experimental Procedure
Column samples (D 20 mm × H 30 mm) of Al2021 alloy (Cu, 5.8-6.8 wt.%; Mg, 1.2-1.8 wt.%; Si, 0.5 wt.%; Fe, 0.5 wt.%, Zn, 0.1 wt.%; Mn, 0.2-0.4 wt.%; Ti, 0.15 wt.% and Al, balance) were used as the substrates. All the samples were polished to a uniform surface roughness of 0.1 ± 0.05 µm, degreased with acetone and alcohol in ultrasonic bath, and then immersed in the electrolyte for EPP treatment. An EPP coating unit designed and built by the authors has been employed in the present study, which mainly consists of a power supply unit, a bath container and a cooling system. The metallic samples immersed in the electrolyte were used as the anode and stainless steel was used as the counter electrode. Throughout the experiment, the temperature of the electrolyte was maintained constant at approximately 25 ± 2 o C using a cooling system. The electrolysis environment was an aqueous electrolyte containing 10 g/l NaAlO 2 , 2 g/l NaOH, and 0.5 g/l NaNO 2 , NaNO 3 or NH 4 NO 3 divided into three groups (Table 1) .
Samples were rinsed with distilled water after EPP procedures. The different phases present in the coatings were investigated with X-ray diffractometer (XRD) (Cu K α radiation) using Philips-X'Pert system and the scans were performed with 0.02 o θ step size in the 2θ range of 20-90 o . The microstructure of surfaces and cross sections of samples by different nitrogen inducing agents were examined by a JSM 5610 scanning electron microscopy (SEM). Prior to SEM analysis, all the samples detected by SEM were sputtered with a thin gold layer in order to prevent surface charging effects. The microhardness of the coating layers in 10 different places was measured by a VLPAK2000 Mitutoyo hardness test machine using 0.1 N load with a 30s dwell time, and then the average microhardness was calculated and reported.
The AC amplitude was slowly increased to 200 V to maintain the current density at 6 dA/cm 2 throughout the experiment, afterwards the DC value was increased gradually with time till 260V so as to maintain the reset current density even as the coating thickness gradually increased. During the EPP process, plenty amount of water vapor was produced by the exothermal EPP reaction, and enhance the plasma spark across the whole substrate.
In order to investigate the anti-abrasion properties of the oxide coatings, dry ball on disk wear tests were carried out by a PD-102 wear test machine. Samples to be tested are held horizontally against a GCr15 stainless steel ball (6 mm diameter). The steel ball rotated on the sample at a constant speed of 200 rev./min in a 10 mm diameter trace. The tested samples are subjected to a normal perpendicular force of 600gf against the steel ball and the test time was set up to 3600s.
Potentiodynamic polarization tests were performed by a Gamry Instrument (USA/CMS 1058). The test electrolyte is consisted of a 3.5 wt% (0.6M) NaCl solution, naturally aerated and at a temperature of 20 o C; the pH of the solution (about 6.5) was not controlled, and the solution was not deaerated. A saturated calomel electrode (SCE) is used as the reference electrode, and a graphite rod served as the counter electrode for current measurement. The potential is increased from −2.5 V to 4.5 V vs. open circuit potential with a scanning rate of 5 mV/s; all potentials are given with respect to the SCE. The working surface of each specimen, polished to a final finish with 1 µm diamond paste, was mounted in the electrochemical cell to allow the surface area (1.1 cm 2 ) to be accessed by the test solution. Corrosion current densities were determined by linear extrapolation of the polarization curves up to ± 50 mV from the corrosion potential. Fig. 1 illustrates the surface features of the EPP-treated Al2021 alloy in different nitrogen inducing agents contained electrolytes. The AlON-Al 2 O 3 coatings present uniformly distributed pancake like structures resulted by the plasma discharge channels in these three groups. While the size of pancake like structure for NH 4 NO 3 induced electrolyte of Group 3 is smallest, but the diameter of the discharge channel is largest during those three nitrogen inducing agents. Obvious cracks can be found in NaNO 3 induced samples of Group 2. Large pancake like structure with small discharging channel and cracks can hardly be found in NaNO 2 induced samples of Group 1. The surface defects, such as cracks and cavities would deter the characteristics of the coatings.
Results and Discussion
The cross-sectional SEM images of coatings EPP-treated in different nitrogen induced electrolytes are shown in Fig.  2 . As the function of high temperature plasma sparks, surface aluminum meltdown and flew outwards through the discharging channels, and then oxidise to form γ-Al 2 O 3 .
8)
With the participation of nitrogen from the electrolytes, the γ-Al 2 O 3 would react with nitrogen forming AlON phase in the high temperature and pressure plasma area.
9) At the same time, γ-Al 2 O 3 would transform to α-Al 2 O 3 at a sharp temperature gradient when the hot γ-Al 2 O 3 phase emerged from the channels and rapidly quenched at the interface between electrolyte and substrates. The generation and growth of AlON phase and transformation of γ-to α-Al 2 O 3 phase resulted in the growth of the ceramic coatings. It is found that cracks formed in NaNO 3 induced samples of Group 2, whereas the coatings of NH 4 NO 3 induced sample of Group 3 are more porous. Some cavities are observed between the ceramic coating and substrates in NaNO 2 induced samples of Group 1, which may reduce the bonding force and anti-corrosive properties of the coated samples. The microhardness tests indicated that EPP coatings on the Al2021 alloy in all nitrogen induce electrolytes exhibit extremely high hardness, as shown in Fig. 3 . The hardest coating can be obtained in NaNO 2 induced electrolytes, which can reach above 3300Hv 0.1 . For the porous structures of the coatings prepared in NH 4 NO 3 induced electrolytes and low content of AlON phase in NaNO 3 induced electrolytes, the microhardness decreased to 2904Hv 0.1 and 3026Hv 0.1 . It is obvious that the Al 2 O 3 -AlON ceramic coatings can significantly improve the strength of the coating as compared to other deposition methods 5) which make them useful for industrial applications.
The phase analysis of the ceramic coatings by XRD on the Al2021 alloy prepared in different electrolytes is presented in Fig. 4 . It can be clearly seen from It is obvious that all the EPP coated samples present low friction forces and factors, which shows that the ceramic coated sample possesses good anti-abrasive properties. Among all the nitrogen induced samples, the NaNO 2 induced sample has the lowest friction force and factors. The best anti-abrasive property of NaNO 2 induced sample is attributed to its hardest coating.
The potentiodynamic polarization curves of coated sam- ) is lower than that of the uncoated sample (0.009183 A/cm 2 ), which showed that the EPP-coated sample with inducing NaNO 2 can prevent the corrosion, thus increase the anti-corrosion resistance of the samples. However, the other EPP-coated samples with inducing NaNO 3 and NH 4 NO 3 (0.01869 A/ cm 2 and 0.027826 A/cm 2 respectively) are higher than that of the uncoated sample, which present higher corrosion speed as to worse anti-corrosive properties. 
Conclusion

